Introduction
Waldenström macroglobulinemia (WM) is a distinct B-cell lymphoproliferative disorder characterized primarily by bone marrow (BM) infiltration with lymphoplasmacytic cells, along with demonstration of an immunoglobulin M (IgM) monoclonal gammopathy. 1 This clinicopathologic condition is observed in the majority of cases defined pathologically as lymphoplasmacytic lymphoma in the Revised European-American Lymphoma and World Health Organization classification systems. 2, 3 Despite advances in therapy, WM remains an incurable disease, and most patients die of disease progression. 4 In the absence of a preclinical model, evaluation of novel treatments for WM has been empiric and based on clinical trial data from related B-cell malignancies. Therefore, a need exists for an appropriate preclinical model for WM to validate new agents and to allow rapid bench-to-bedside translation.
To date, the only available animal model for the study of human WM is a subcutaneous tumor model developed by injecting a human WM cell line (WSU-WM) into the flank of immunodeficient mice. 5 This cell line has been obtained from a patient with WM with advanced and therapy-resistant disease with cytogenetic abnormalities, reflecting the biologic behavior of an aggressive disease instead of a typical indolent WM. 5, 6 Therefore, the animal model based on subcutaneous xenograft of these cells does not recapitulate the in vivo biologic features of a typical WM nor does it reproduce the disease in a human bone marrow (huBM) milieu.
In the past, we and others have implanted human fetal bone chips into severe combined immunodeficient (SCID) mice (SCID-hu mice) [7] [8] [9] [10] [11] [12] [13] [14] [15] and then directly engrafted tumor cells to allow in vivo growth of multiple myeloma (MM) cells. 14, 15 This model has advantages over other murine models [16] [17] [18] because (1) tumor cells grow within the huBM microenvironment, (2) bone lesions develop, and (3) human paraprotein 14, 15 can be measured in mouse sera as an in vivo marker of tumor burden and response to therapy. This model, therefore, represents a biologically relevant in vivo experimental system that has provided important insight in the pathophysiology of MM and has been successfully used for preclinical evaluation of novel agents targeting tumor cells into huBM milieu.
Here, we characterize a novel in vivo SCID-hu model in which primary patient WM cells engraft in huBM in vivo and produce measurable levels of human IgM and/or or chain in mouse serum. This model recapitulates the in vivo biology of WM and is useful for preclinical evaluation of novel agents targeting WM cells in the BM milieu.
Materials and methods

WM cells and reagents
Heparinized BM aspirates were obtained from patients with WM after they provided informed consent in accordance with the Declaration of Helsinki. Patients' data are provided in Table 1 . BM cells were separated using Ficoll-Hypaque density gradient centrifugation. In some samples, to enrich for tumor cells, WM cells were sorted using CD19-immunomagnetic beads (Miltenyi Biotec, Auburn, CA) with purity of cells determined by flow cytometric analysis of CD20, or chain (Coulter Epics XL, Birmingham, United Kingdom) to be more than 85%. Unsorted, as well as CD19 ϩ -sorted, cells were either directly injected into mice or following incubation overnight at 37°C in a 5% CO 2 atmosphere in RPMI-1640 medium (GIBCO, Grand Island, NY) supplemented with 20% fetal bovine serum (Hyclone, Logan, UT), L-glutamine, penicillin, and streptomycin (GIBCO). For in vivo treatments, the anti-CD20 monoclonal antibody rituximab (IDEC Pharmaceuticals, San Diego, CA, and Genentech, South San Francisco, CA) was administered at 25 mg/kg on alternate days for a total of 3 intraperitoneal injections.
SCID-hu mouse model
Six-to 8-week-old male CB-17 SCID mice (Taconic, Germantown, NY) were housed and monitored in our Animal Research Facility. All experimental procedures and protocols had been approved by the Institutional Animal Care and Use Committee (Veteran's Administration [VA] Boston Healthcare System, Boston, MA). Procedures for SCID mouse implantation with human fetal long bone grafts (SCID-hu) have been previously described. [7] [8] [9] [10] [11] [12] [13] [14] Mice were surgically implanted with human bone chips of fetal femur or tibia from 19-to 23-week gestation human abortuses. Approximately 4 weeks following implantation, 2 to 10 ϫ 10 6 whole BM mononuclear cells or 2 ϫ 10 6 CD19-sorted cells, depending on number of cells available after Ficoll-Hypaque density gradient centrifugation procedures and/or following immunomagnetic CD19-cell sorting of BM aspirates, in 50 L phosphate-buffered saline (PBS) were injected directly into human fetal bone implants within SCID-hu hosts. Increasing levels of circulating human paraprotein in mice sera were used to monitor tumor engraftment and growth of patient WM cells in SCID-hu mice. Mouse blood was collected from tail vein, and sera were serially tested for circulating IgM, IgG, and and chain by enzyme-linked immunosorbent assay (ELISA; Bethyl, Montgomery, TX), as previously described. 19, 20 This ELISA kit uses antibody specific for human immunoglobulins (Igs), which does not cross-react with murine Igs (1:100 dilution).
Histopathologic analysis
Excised tissues included human fetal bone grafts and mouse femur, spleen, liver, lung, kidney, and lymph nodes were fixed in Bouin or formalin solution, processed by standard methods, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin (H&E) for histopathologic examination, as previously described. 14 For immunohistochemical evaluation, tissues were analyzed using antihuman reagents for expression of CD20 (murine monoclonal L26; DAKO, Carpinteria, CA), IgM (rabbit polyclonal; Biomeda, Foster City, CA), IgG (murine monoclonal A57H; DAKO), IgA (murine monoclonal 6E2C1; DAKO), immunoglobulin light chain (murine monoclonal R10-21-F3; DAKO), immunoglobulin light chain (murine monoclonal N10/2; DAKO), and anti-human mast-cell tryptase (murine monoclonal AA1; DAKO) and detected using the Envision Plus detection system (DAKO). Slides were counterstained with Harris hematoxylin and examined by standard light microscopy. Samples were analyzed using an Olympus BX41 microscope equipped with UPlan FL 40ϫ/0.75 and 20ϫ/0.50 objective lenses (Olympus, Melville, NY). Pictures were taken using Olympus QColor3 and analyzed using QCapture 2.60 software (QImaging, Burnaby, BC, Canada). Adobe Photoshop 6.0 was used to process images.
Results
Lymphoplasmacytic tumor cells were obtained from BM aspirates of patients with WM. We first evaluated the ability of primary patient WM cells to engraft in SCID mice. A total of 10 mice were injected subcutaneously with unsorted 5 ϫ 10 6 BM cells/mouse from 5 different patients (2 mice/patient). Following 30 weeks of observation, we did not detect tumor growth or measurable levels of human paraproteins in mice sera (data not shown). We therefore next evaluated the ability of patient WM cells to engraft into human fetal bone implants in SCID-hu mice. WM cells from 10 different patients were used, and the characteristics of these patients are presented in Table 1 . Unsorted 2 to 10 ϫ 10 6 BM cells (n ϭ 8 cases) or CD19 ϩ -sorted cells (n ϭ 2 cases) per mouse were injected in human fetal bone implants in SCID-hu mice. Starting 2 weeks after cell inoculation, mice sera were serially collected and analyzed for appearance and level of human paraproteins. A total of 19 SCID-hu mice were used for this study. Eighteen of them were injected with cells from 9 patients (2 mice/patient sample). We observed patient WM-cell engraftment in 13 of 19 SCID-hu mice (69%), as demonstrated by appearance of human IgM and/or or chain in mice serum. As shown in Table 1 , animals had detectable circulating IgM 4 to 28 weeks after cell injection. The kinetics of appearance and increase of human paraprotein was variable among patients. Both unsorted, as well as CD19 ϩ -sorted cells showed engraftment. Figure 1 shows the kinetics of human paraproteins (patient 1, 5, and 9 in Table 1 ) in 3 representative SCID-hu mice injected with 2 to 10 ϫ 10 6 /cells from 3 different patients with WM. In approximately 40% of cases, we detected an initial increase in human IgG in mice serum followed by subsequent decline to an undetectable level ( Figure 1B-C) , suggesting a progressive expansion of paraprotein-secreting monoclonal tumor cells and disappearance of nonclonal plasma cells. To confirm that the serum paraprotein increase was due to huBM engraftment by patient WM cells, selected mice were killed, and the pathology of decalcified sections of huBM implants were analyzed. By H&E staining (Figure 2) , the huBM implants examined showed significant intramedullary fibrosis and patchy infiltration with small lymphocytes, lymphoplasmacytoid cells, and plasma cells. We further evaluated the immunophenotype of these cells by immunohistochemical techniques. Figure 3 shows a representative case of a huBM injected with patient WM cells which expressed IgM. We observed cell-surface expression of CD20 ( Figure 3A ), cytoplasmic IgM ( Figure 3B ), and light chain ( Figure 3C ), but not IgG ( Figure 3D ) or light chain ( Figure 3E ) in the infiltrating lymphoplasmacytic cells, confirming the monotypic B-cell nature of these cells. We also found the presence of mast cells in these sections, as determined by immunohistochemical analysis for mast-cell tryptase (Figure 4) , suggesting a potential role of these cells in WM pathogenesis. Interestingly, histologic evidence of residual fetal hematopoiesis was not observed. These overall findings indicate that the WM-cell growth is supported by the human BM microenvironment. To confirm the specific homing of patient WM cells into huBM, we further evaluated a variety of other tissues from injected mice. In mice that were injected with unsorted WM cells, we were unable to detect tissue infiltration by patient WM cells in murine BM, spleen, liver, lung, kidney, and lymph nodes (data not shown), suggesting a selective homing of primary tumor cells into huBM milieu. Interestingly, histopathologic examination of a mouse injected with CD19-sorted WM cells revealed tumor-cell infiltration in the murine spleen, liver, and bone marrow (data not shown), in addition to the huBM, suggesting a potential systemic spread of disease under these conditions.
To evaluate the potential utility of this model to investigate the efficacy of therapeutic agents, we used rituximab, which has demonstrated antitumor activity against WM. [21] [22] [23] [24] [25] SCID-hu mice bearing patient WM cells were treated with rituximab (25 mg/kg, intraperitoneally) on every other day for a total of 3 injections, and For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From serum human paraproteins were measured to monitor WM growth. As seen in Figure 5A , treatment with rituximab induced a dramatic tumor regression, as demonstrated by decrease in IgM to undetectable serum levels. We detected high IgG levels following rituximab administration and its progressive slow decline because of the clearance of the circulating chimeric mAb from serum ( Figure 5B ). These results indicate that this SCID-hu model not only allows for the study of WM biology, but it is also a useful system for the preclinical evaluation of novel agents potentially active against WM.
Discussion
In this study, we demonstrate that primary patient WM cells engraft in huBM microenvironment implanted in immunocompromised mice. To our knowledge, this is the first report demonstrating the potential of primary patient WM cells to engraft and grow in SCID-hu mice recapitulating the biologic features of human disease.
Murine models of human cancer are extremely useful in studying the pathobiology of cancer and for preclinical evaluation of experimental therapies. Unfortunately, most of these murine models are obtained by xenografting tumor cell lines instead of primary patient tumor cells. These cell lines are generally established in vitro using cells from metastatic lesions or effusions and are maintained through numerous in vitro passages that allow accumulation of genetic abnormalities, conferring a progressive dedifferentiated and aggressive phenotype not similar to the original disease. Furthermore, in these models, human tumor xenografts engraft and proliferate in a murine microenvironment, with growth characteristics not similar to primary clinical presentation (eg, cutaneous, or other tissues, versus bone marrow).
To date, the only available animal model of WM uses WSU-WM cell line xenografted in a murine subcutaneous microenvironment. This cell line has been obtained from a pleural effusion of a patient with IgM WM with advanced and therapy-resistant disease and has been characterized as aggressive WM rather than more typical indolent disease. 5, 6 Cytogenetically this cell line has been characterized by an 8;14 chromosomal translocation and c-myc rearrangement, not characteristic of typical WM, but usually associated with non-Hodgkin lymphomas. 26 In addition, the WSU-WM cell line shows a switch from the original to chain, further supporting the evidence of accumulation of genetic abnormalities that confer aggressive biologic behavior to WSU-WM cells. These cells grow in the murine microenvironment and, unlike primary WM, do not require a human BM microenvironment. Therefore, this model does not recapitulate the in vivo biologic features of a typical WM nor does it reproduce the disease in a huBM milieu.
In contrast, our model has a number of characteristics that mimics the human WM: (1) the model supports growth of primary WM cells from patient BM, (2) the cell growth is dependent on human BM microenvironment, (3) the progression of disease is determined accurately by measuring human IgM and/or light chain in murine serum similar to the patient setting, and (4) we have confirmed efficacy of anti-CD20 mAb in this model as a measure of reproducibility of the model for preclinical investigations. Therefore, this model, which recapitulates the pathologic features of human disease, will help us understand important aspects of the disease biology, for example, the role of BM stromal cells and mast cells in WM growth and survival and the presence of WM stem cells. This model will also allow preclinical investigation of novel agents targeting WM cells as well as its microenvironment prior to their evaluation in patients.
